Environmental low frequency noise and vibration (or "hum") 
INTRODUCTION
The number of complaints registered by members of the public about low frequency environmental noise/vibration has increased rapidly in recent years, both in the UK and world-wide. Whilst this has coincided with a general growth in industry, neither the nature nor the source(s) of these "hum" phenomena are yet fully understood. However, questionnaires (Appendix A) carried out by the UK Low Frequency Noise Sufferers' Association (LFNSA) suggest that in many cases the disturbances may not be entirely acoustic in origin, but might propagate through the ground as microseismic waves. As the human body's MICROSEISMJC INVESTIGATIONS OF VIBRATJONS resonant frequencies cover the range 1-80 Hz (ISO 2631 (ISO : 1978 , it is clear that such low frequency vibrations have the potential to cause great distress to, or even affect the health of, affected individuals (as reflected in the questionnaires -Appendix A).
This study endeavours to measure the "hum" over the frequency range 0-80 Hz using highly sensitive seismometers, to determine its characteristics and attempt to distinguish ground-borne and air-borne low frequency vibrations.
INSTRUMENTATION
The vibration data were measured using a high-sensitivity Lennartz LE-3D/I three-component seismometer. This has a flat frequency response between I and 80 Hz, thus no calibration was required across this frequency range.
Data were recorded onto 20 MB PCMCIA Flash Cards using a six-channel
Vibrosound SPI 24-Bit AID converter. The Vibrosound has a dynamic range of > 118 dB and allowed velocities as small as -I nm/s to be observed.
Each recorded event consisted of 10 seconds of data, thus frequency analysis using MATLAB Fast Fourier Transform software achieved a frequency resolution of 0.1 Hz. The sampling rate of the Vibrosound AID converter was set to 250 Hz; the Nyquist frequency was thus 125 Hz, well above the frequency range of interest (0-80 Hz).
MICROSEISMIC INVESTIGATIONS: TWO CASE STUDIES
Microseismic monitoring was carried out at two households occupied by "hum" sufferers: 261 Sommerfield Road, Woodgate Valley, Birmingham (6-7 May 1997), and 63 Ty Draw, Little Church Village, S. Wales (12-13 March 1997).
The equipment was set to record one event (10 s of data) automatically every five minutes throughout the night, when background noise/vibration levels were low. Wherever possible the seismometer was placed on a solid, flat surface (e.g. a concrete ground floor), in order to obtain a good vibrational coupling with the building foundations/bedrock. Additional recordings were made the next morning, at various positions around the buildings, using a manual triggering device. In all cases, the seismometer was oriented with respect to true North.
During each visit, verbal communications with the "hum" sufferers was noted down in order to determine such factors as geographical and geological setting of the dwelling, "hum" variations and characteristics, any medical (especially hearing) problems resulting from or pre-dating the onset of the problem, any previous independent scientific attempts to measure the disturbance, sufferers' theories on possible local industrial sources of the disturbance, etc. One observation which came out of this study is that many "hum" sufferers claim to be able to "feel" the disturbance as much as they can hear it. This makes the question of whether the "hum" is air-borne or groundborne a very pertinent one.
This is one of a row of terraced houses in a level region of SW Birmingham, and is underlain by Carboniferous clay.
The seismometer was set up to record in the downstairs kitchen on hard linoleum overlying a concrete floor (this seemed the most suitable position, although the "hum" can be perceived throughout the whole house according to the residents). Some of the results obtained were rather interesting. (All results displayed below are for vertical component vibrations, which showed the strongest signals in this instance, although three components of motion were always recorded). Figure Ia shows the time series data recorded at 00: 10 BST on 7/5/97, and presents a strong signal of period -0.1 s and ground velocities of over 2000 nrn/s,
The Fast Fourier Transform of this, displayed in Figure Ib , reveals an extremely sharp peak velocity at 10 Hz (over 1300 nm/s), as well as lesser peaks at 30 and 50 Hz. These could represent the 2nd and 4th harmonics of the 10Hz vibration, although the 50 Hz peak is likely to be at least in part due to electrical noise picked up in the circuits of the instruments (this is a common feature in all the data), 5 6
.s z- (data recorded at 07:30 BST) presents even stronger vibration levels (-100000 nm/s) of similar character to those recorded earlier (at 00: 10). However, although the FFT (Figure 3b ) reveals an extremely large vibration level at 10 Hz (-6000 nm/s), this peak is not as sharp as it was previously, with more of a broadband character, and no harmonics of 10Hz are clear above background noise levels.
It should be mentioned at this point that, given the hard nature ofthe surface on which the seismometer is mounted and the high velocity levels recorded, the vibrations observed are unlikely to be caused by acoustic waves, and so the signal in this case appears to be ground-borne.
., A different type of perturbation is present in the Sommerfield Road data shown in Figure 4 . The time series consists of very sharp impulses, spaced at irregular intervals of 0.5-1.5 seconds, and the FFf displays a very broadband signal, with no peaks of velocity greater than 300 nm/s. This event was recorded at 08:00 BST, shortly before the Vibrosound was switched off, and the impulsive jolts are probably due to the footsteps of the waking occupants of the house. This is effectively noise in the data, and it is easily distinguishable, both in the time and frequency domains, from the strong signal seen in Figures I & 3 .
Discussion with the occupants revealed that several potential sources for the 10Hz vibrations lie within 2 km of the house, including gas and water pumping stations, an electric power station, a motorway and a factory with compressor. It has not yet been determined which of these, if any, is responsible. (However, the nearby motorway would not produce vibrations of such tonal characteristics as was observed, and indeed noise from the motorway apparently sometimes masks the "hum", providing relief to the sufferers).
Ty Draw:
This house, which is situated on the comer of a sloping cul-de-sac in a hilly area, overlies sandstone bedrock within the Carboniferous Coal Measures.
The seismometer was positioned to record in the downstairs lavatory on a hard concrete floor, which appeared to be the best surface for receiving microseismic signals. However. the resultant vibration levels (all three components) were very low, even though the "hum" was in this case audible to the author. Once again, all data displayed below represent Z-components of the 3-dimensional vibrations recorded. Figure 5 shows a typical event recorded during the night (at 06: 13 GMT on 13/3/97). with velocities of <300 nm/s in the time series. and 50 Hz electrical noise in the instruments swamping the extremely low background vibrational levels «30 nm/s) of individual frequencies on the FIT. At 06:53 GMT, some sort of disturbance occurred giving ground velocities of -6000 nrn/s (Figure 6a ), but the FFf (Figure 6b) indicates that the perturbation was extremely broadband (over 10-40 Hz) and not very tonal (unlike the "hum" described by the occupants), and still consisted of very low amplitude frequency domain peaks «180 nm/s), This event was probably caused by the passing of early morning traffic nearby. The next morning, the seismometer was placed on bare floorboards in an upstairs bedroom, one of two East-facing rooms in which the "hum" is perceptibly louder than elsewhere. Figure 7 displays the results, recorded at 08:46 GMT. Vibration velocities were much higher than observed earlier (-60000 nm/s), Frequency analysis reveals strong (-1000 nrn/s) peaks, separated by -1.6 Hz, over the frequency range 0-20 Hz. These may be harmonics of some sort; they could relate to the source of the "hum" or to traffic driving by.Peaks of velocity -2000 nm/s are also seen around 57 and 73 Hz; the room dimensions are 3 x 3.6 metres, and these peaks seem to correspond to eigenfrequencies of acousticstanding wave resonances in the room.
In any case, it seems clear that the high velocities recorded in the bedroom are caused by acoustic waves exciting the floorboards in vibration. A large industrial estate lies 2km East of the house, and this or some other nearby sourece seems to be responsible for a predominantly air-borne "hum" encountered at Ty Draw. CONCLUSIONS Several elements have emerged from this study: • The low frequency "hum" does not propagate exclusively by either groundborne or air-borne mechanisms, and so there is a need for both microseismic and acoustic research into the problem; It is possible to record low frequency acoustictones using seismometers, where floor structures have been excited into vibrational modes by acoustic waves; • The vibration levelsexperiencedby "hum" sufferers are low (when compared with, for example, the levels ( Figure 8 ) stated in BS 6472: 1992), but it is possible with highly sensitive seismometers to discern tonal and other characteristics of the "hum", which may eventually yield a diagnosis of the cause in some instances, It may then be possible for those responsible to take remedial action, in order to allow some relief to sufferers; Whilst the "hums" perceived by sufferers may not exceed the vibration levels stated in BS 6472 (Figure8), it has becomeclear that many people'shealthand quality of life are affected to their detriment by low frequency noise and/or vibration. There is therefore an urgent need for a British Standard that gives guidelines relating to acceptable levels of continuous low frequency vibration in homes, particularly where this is tonal in character. Similarly, the weighting curves currently applicable to measurementsof low frequency and 'infrasonic' noise (Bruel & Kjaer, 1984) need modification. 'g : 
FURTHER MICROSEISMIC WORK
Further work needs to be done to establish the causes/sources of the low frequency vibrations detected. Tonal frequencies, once established in the recorded data (e.g. 10 Hz at Sommerfield Road), may be compared with the operating frequencies of industrial machinery in the surrounding region. It is important to bear in mind, though, that low frequency waves may propagate over large distances (several kilometres) with little attenuation; • More research needs to be done into the interaction of waves (both ground-and air-borne) with building structures (floors, walls, windows, etc.); A good vibrational coupling between seismometer and mounting surface is important in microseismology, and this must be accomplished especially for outdoor work; It may eventually be possible by using an array of three-component seismometers, to determine the directionality of low frequency environmental vibrations, and thus pinpoint accurately and directly the source of a "hum" disturbance. 1a) 80% of replies were on level ground, none on very high ground. Ib) 70% referred to chalk and clay base -good transmitters of LF vibration. Ic) Nearly all replies did not live on a ridge. Id) Several manholes were referred to -mainly British Gas, but several questionnaires referred to electricity substations and two to radio transmitters. Ie) A range of possible sources of "hum" were suggested: The whole pattern does show a majority verdict that refers to resonances in underground pipes of some sort, as a source for the "hum". British Gas transmission pipes were the most commonly quoted example. One has to bear in mind that not only are there gas pipes present in industrialised regions, but also water mains and other chemical pipes as well as sewers.
To increase the difficulties of conclusive evidence, it was found that several people were detecting low-powered LF noise from such sources as refrigerator motors, central heating motors, lift motors (in flats), ventilation motors and even electrical hum from meters and transformers. All these noises are predominant in the 40 -200 Hz frequency spectrum and are very local. People have attempted to capture the "hum" using small motors and this is easily recognised by the trained acoustician.
Many subjects thought that electrical fields may be a cause. The author has investigated a very large short and medium wave transmission site and questioned workers and visitors at the site -no reports of effects of LF radiation were reported. similarly with people working near high-powered microwave terminals and particularly satellite stations where enormous pulsating radio radiation is predominant. 2. A surprising and helpful fact has emerged -that is that 80% of the replies from people that have some form of deafness, have quoted that one ear is affected, demonstrating that many sufferers have asymmetric hearing that is not balanced. This may have great relevance to the mechanism of "hum" perception.
I wish
The age range is from 44 to 84 with an average age of 67-68 and median of 66. High frequency hearing sensitivity is known to deteriorate with age, leaving one relatively more sensitive to low frequency noise as one gets older.
65% of sufferers were women; 35% were men. Elizabeth Griggs in 1991 did a survey showing then that 72% were women and 28% were men. Both surveys show that women suffer more than men, but it must be borne in mind that the average life expectancy of women is higher. 4. This was the most interesting. 4a)
It has been extremely useful to view LOGS of when the hum is detected and whether it has been very loud (Strength
showed clearly that foggy weather showed maximum "hum", also when it was very hot or very cold. N.B. One would expect acoustic waves to be more heavily attenuated in foggy conditions. 4b)
showed a 97% consistency that the "hum" was only heard indoors. 4c)
Modulation and pulsation were clearly indicated in 70% of the cases, and I suspect the 30% that did not answer this question did not understand it. 4d) Answers often described a hissing sensation; vibrations in one's bones was a common response. 4e)
Only one answer stated that the "hum" had a musical note; majority of over 80% of replies indicate that they could not feel or hear a musical note -suggesting LF waves of no discernible pitch. 4f) people answered that the "hum" was worst in the bedroom, although 30% stated LF waves of no discernible pitch. 4g)
The spread of dates when the "hum" was first occurred varied from 1959 to 1996 with the MEDIAN being 1989 -most popular column was 1995. This information shows that recent industrial developments, such as the installation of national gas transmission pipes, may not be the only source of the "hum". 4h)
Environmental Health Officers were called in most cases and many detected the "hum" but NONE did anything about it! 4i) 80% of people mentioned loss of sleep and difficulties in sleepingclear indications that the "hum" is worst at night time. 4j) Much additional data has been sent and was most helpful. It is clear that many logs were taken and the "hum" appeared at different intensities and different times. There is however one factor that is most important -every case I have seen shows that sufferers experience the "hum" worst when the ambient background noise level is LOW (e.g. inside the house at night), and therefore masking effects are important in determining whether or not the "hum" is audible at any given time and location.
